1. Introduction
Authenticity
Food authenticity is a big concern for consumers, food authorities and food producers and processors, since incorrect food labelling and other types of fraudulent practices have been demonstrated to negatively affect the confidence and even the safety of the final consumer (Barnett et al., 2016) . European Union regulation (EU) No. 1169 (EU, 2011 requires that consumers should be appropriately informed regarding the food they consume. This is vital in order to achieve a high level of health protection and to guarantee their right to information, as well as to protect the businesses of scrupulous producers from unfair competition. Consumers' choices can be influenced by health, economic, environmental, social and ethical considerations. In fact, the general dictionary definition of "authenticity" is "the quality of being authentic, trustworthy, or genuine", and the relevant dictionary definitions of "authentic" include "not false or copied; genuine; real" and "having an origin supported by unquestionable evidence; authenticated; verified". More specifically regarding food authenticity, a recently produced CEN standard defines authenticity in a food and feed context as the match between the food product characteristics and the corresponding food product claims (CEN WS86). These labelling requirements, which are legally specified and differ depending on the product, may include the scientific name or breed, and production method (e.g. organic, freerange, wild-caught etc.). However, other features of the product can also be included by producers to inform the consumer, including (i) ethical issues (halal, vegetarian, etc.) , (ii) nutritional composition (vitamins, omega 3, etc.) , (iii) the area where the product was caught or farmed (for sustainability reasons, or with particular regard to EU legislation regarding protected designation of origin (PDO), protected geographical indication (PGI), traditional specialities guaranteed (TSG) etc.), (iv) status of the product (such as whether the product has been previously frozen and defrosted) and 
DNA-based techniques
An example of a common food fraud is the substitution of one ingredient by a similar, cheaper one, and different analytical procedures can be used for the identification of this food adulteration including spectroscopic, chromatographic, proteomic and Polymerase Chain Reaction (PCR) based approaches (Primrose, Woolfe, & Rollinson, 2010) . However, in many cases the fraud is based on the substitution of one ingredient with another that is a different breed or species, and for this DNA based methodologies have been shown to be an ideal tool to address the problem, due to the sensitivity, accuracy and ease of testing, and the stability of DNA under a range of food processing methods (Catalano, Moreno-Sanz, Lorenzi, & Grando, 2016; Pardo, 2015) . The majority of methods amplify specific areas of DNA using PCR, a rapid and easy-to-use technique that permits the amplification of a small DNA segment, which is subsequently used as a molecular marker. For qualitative species identification, DNA regions within the mitochondria (animals) or chloroplast (most plants) are primarily used, even for the differentiation of closely related species (although there are exceptions), whereas nuclear markers are much more suitable for quantification and the identification of geographical origin or specific breed or landrace, among other applications (Nielsen et al., 2012; Wilkinson et al., 2012) . More recently, methods applied within an authenticity context have focused on the DNA sequence at a specific site, as these are considered to have greater reliability (and hence are easier to present in a legal setting). The identification of many products can be achieved through the direct sequencing of short, standardized gene fragments (e.g. DNA Barcoding (Hebert, Cywinska, Ball, & deWaard, 2003) , Forensically Informative Nucleotide Sequencing (FINS) (Bartlett & Davidson, 1992) , etc.). While these gene fragments differ between taxa, for most animals a fragment (∼655 base pairs) of the cytochrome c oxidase subunit 1 mitochondrial gene (COI) has been shown to provide reliable species level discrimination. For plants, a wider range of fragments are currently used (including rbcL, matK, and ITS regions, see Madesis, Ganopoulos, Sakaridis, Argiriou, and Tsaftaris (2014) , for a review of regions and methods). There has also been a proliferation of methods developed to generate and detect products of specific oligonucleotide primers, such as oligonucleotide ligation assay (OLA) (Consolandi et al., 2007) ; real time-PCR (Taylor, Fox, Rico, & Rico, 2002) ; High Resolution Melting (Druml & Cichna-Markl, 2014) ; Loopmediated isothermal amplification (LAMP) (Randhawa, Chhabra, Bhoge, & Singh, 2015; Ye et al., 2016) . Finally, Digital PCR may be a promising approach for the detection of minute traces of biological adulterants in foodstuffs (Ren, Deng, Huang, Chen, & Ge, 2017; Shehata et al., 2017) .
While these molecular methods are used frequently for routine analyses, they have some significant limitations. The largest of these is that each test is targeted to answer a specific question: such as which tuna species is present, or from what species does this meat originate? Hence the more difficult questions, such as the identification of all components within a complex food matrix, are highly demanding to answer. Here, Next Generation Sequencing (NGS) is beginning to have an impact. Within food safety NGS is already being applied, for example to allow in theory the accurate identification of the great majority of microbial taxa within a product, including microorganisms that are unculturable and those that are only present in small numbers (Leonard, Mammel, Lacher, Elkins, & Drake, 2015; Mayo et al., 2014) .
The challenge now is to apply NGS technologies to address food authenticity questions. One of several potential uses of this is to identify the presence of transgenes to identify GMOs (Fraiture, Herman, De Loose, Debode, & Roosens, 2017; Kamle, Kumar, Patra, & Bajpai, 2017) which are increasing in scope and complexity. Moreover, the advantage of NGS is the ability to simultaneously screen multiple different genomic regions, to enable the identification of all plant, animal, fungal and microalgae ingredients in food commodities. For this reason, previously generated data including sequences from reference gene databases and peer reviewed articles are a precious source of specific and universal primers which will be required to maximise the advantage of NGS platforms. Similarly, the location of thousands of SNPs within the genome and their diagnostic evaluation, previously described and validated in a number of DNA based methodologies, will also be useful for NGS applications.
This work was commissioned as a Scientific Opinion under the EU FP7 funded FoodIntegrity project, to highlight the current state of the art in NGS applications for food authenticity, and to infer possible future trends in this fast-moving area of research. Herein we describe the current status and future trends in a number of important areas of NGS, including the features of various platforms, the range and reliability of available databases and bioinformatics solutions, the extent of validation and quality control for NGS data, limitations of the technology and crucially the way this technology is likely to be implemented in the future.
Next Generation Sequencing
High throughput DNA sequencing, enabled by advances in sequencing technology (NGS) has revolutionised many fields of biology, including medical microbiology, plant and animal genomics, and the study of gene transcription (e.g. Goodwin, McPherson, & McCombie, 2016) . Innovation in sequencing technologies continues, and the highest throughput platform is now capable of sequencing 18,000 human genomes in a single year, at the cost of only $1000 per genome. This compares favourably to the $3 billion cost of the first human genome project, and the $10 million cost of sequencing additional human genomes before the NGS revolution (Hayden, 2014) .
NGS platforms
A number of NGS platforms, using a variety of different chemistries, are now extensively available for high throughput DNA sequencing, and additional sequencing technologies are still being developed, e.g. (Ansorge, 2016; Fuller et al., 2016) . The most widely used family of technologies is manufactured by Illumina (Hodkinson & Grice, 2015) . These use reversible fluorescent dideoxy terminators to sequence DNA clusters amplified on the surface of disposable flow cells. Illumina provide an array of options (see Table 1 ) which produce a range of differing quantities and lengths of DNA sequences (or 'reads' as they are often referred to), depending on the needs of the user; i.e. from the Illumina iSeq 100, which can produce a maximum of 1.2 billion bases of sequence per run, to the HiSeq X Ten, which is a suite of ten instruments each producing up to 1.8 trillion bases. This high throughput enables population level sequencing of animal and plant genomes. Illumina continues to produce new platforms with a range of throughputs, with recent releases including the NovaSeq 5000 and 6000. These sequencer options allow the user to adjust output to match their anticipated requirements. Illumina platforms are short read sequencers, producing a maximum of 2 × 300 bases for paired-end reads, available only on the MiSeq sequencer. Alternative platforms that produce short reads are available, for example using Ion Torrent technology, which have their own advantages (e.g. cost per base) and disadvantages (e.g. higher homopolymer error rate (Divoll, Brown, Kinne, & McCracken, 2018; Laehnemann, Borkhardt, & McHardy, 2016) , although this can to some extent be corrected for algorithmically (L. Song, Huang, Kang, Ren, & Ding, 2017) ). Ion Torrent utilises semiconductor technology to detect H + ions released during the incorporation of sequentially introduced nucleotides into an elongating DNA strand. There are currently three Ion Torrent devices, the Personal Genome Machine (PGM), the Proton, and the GeneStudio S5. Short sequence reads, regardless of the technology used to produce them, are less well suited to some specific E. Haynes, et al. Food Control 101 (2019) 134-143 applications such as resolving complex genome arrangements or sequencing long PCR amplicons. One technology that produces longer reads is the single molecule real time (SMRT) sequencing of Pacific Biosciences (PacBio). This approach again involves fluorescently labelled nucleotides, which are incorporated into the replicating DNA molecule. A DNA templatepolymerase complex is immobilised at the bottom of a well tens of nanometres in diameter, known as a zero-mode waveguide, which acts as a powerful light microscope. This allows detection of nucleotides labelled with different fluorophores when they are incorporated into the replicating DNA molecule. The primary advantage of PacBio platforms lies in their ability to produce relatively long reads (up to around 60,000 bases (60 kilobases, kb)). The most recent PacBio system is the Sequel, which has the potential to produce a million DNA sequences per run, far fewer than that produced by the highest throughput short read platforms. Initial concerns about high error rates have been addressed by circularising the DNA molecule to allow an accurate consensus sequence to be produced. However not all reads produced will be high quality reads, and these more accurate reads will be of a shorter length (Rhoads & Au, 2015) .
A different long-read technology has been developed by Oxford Nanopore Technologies, in the form of the portable MinION device and benchtop PromethION (the even smaller SmidgION, designed to be used with a smart phone is also due for release). In these products DNA strands are fed through nano scale pores, and the sequence inferred from changes in potential difference across the pore. This technology still has issues surrounding error rate, but as new pore chemistries are being brought online this is improving. Additionally, nanopore technology has the potential to produce extremely long sequence reads, of the order of megabases. Long read technology has important applications in elucidating the correct arrangement of complex genomes, and for sequencing long PCR amplicons.
Databases
A consequence of the increase in throughput and availability of high throughput DNA sequencers is the need to store large amounts of sequence data. Global efforts at storing and sharing DNA sequence data have been underway for several decades. The GenBank database, managed by the United States National Center for Biotechnology Information (NCBI) has been running since 1982 (Bilofsky & Burks, 1988) , and as of June 2017 contained over 260 Gigabases of DNA sequence. This is in addition to the more than 3.2 Terabases of Whole Genome Shotgun sequence processed by GenBank since 2002 (NCBI, 2018a) . These data are mirrored daily among the constituents of the International Nucleotide Sequence Database Collaboration (INSDC); NCBI, the European Bioinformatics Institute (EMBL-EBI) and the DNA Data Bank of Japan (DDBJ), to ensure uniform global access to a comprehensive collection of sequence data (Benson et al., 2012) .
Since 2007 a separate repository of raw NGS data has been hosted by INSDC, the Sequence Read Archive (SRA) (Leinonen, Sugawara, & Shumway, 2010) . The SRA stores raw sequence data in a variety of formats, with accompanying metadata about sample origin (Kodama, Shumway, & Leinonen, 2011) and varying amounts of user-supplied information about library preparation technique (Alnasir & Shanahan, 2015) . As of 2018 the SRA hosts more than 8 Petabases of open access DNA sequence data (NCBI, 2018c) . This is a tremendous, freely available resource for interrogation, or for comparison of experimentallyderived sequence data. However, the database should be used judiciously, as there is limited curation of data in the SRA, especially of user-supplied metadata about sample origin. The gold standard of reliable sequence data hosted by INSDC are RefSeq sequences. Unlike the majority of GenBank entries these are curated sequences that have been assessed bioinformatically, and by expert scientific staff (O'Leary et al., 2016) , and as of September 2018 represent over 84,000 species (NCBI, 2018b) .
Curated, application-specific DNA sequence databases hosted by other organisations do exist. These include gene-specific databases, for example 16S ribosomal RNA gene data for bacteria and archaea (DeSantis et al., 2006; Pruesse et al., 2007) , or other barcoding genes for various groups of organisms of interest such as those curated as part of the Consortium for the Barcode of Life (Ratnasingham & Hebert, 2007) . Some of these are of importance from a food authenticity point of view, including fish (Ward, 2012) and plants (Ferri et al., 2015; Hollingsworth et al., 2009) . Limited authenticity-specific sequence databases have been created, an example being the JRC GMO-Amplicons database containing more than 240,000 in silico-generated amplicons related to genetically modified organisms (Petrillo et al., 2015) . The databases to be interrogated will depend to a great extent on the targets of the assay, whether that be a barcoding gene of the ingredients Table 1 Data on outputs of a selection of commercially available sequencing platforms. All data is taken from the providers' system specifications. Illumina machines produce paired end reads, so total read length is the sum of both reads in the pair. QIAGEN also produces a sequencing platform, the GeneReader, though this is currently focussed towards human health applications. For reference, the human genome is approximately 3 Gb long. In practise, much more than 3 Gb of sequence must be generated to accurately sequence a single human genome, to ensure uniform coverage and sufficient depth of sequence to eliminate errors. To have an average of ten nucleotides coverage at each position on the genome, an experiment would need to produce 30 Gb of sequence data. E. Haynes, et al. Food Control 101 (2019) 134-143 themselves (Staats et al., 2016) , the microbial fingerprint of the product (Cao, Fanning, Proos, Jordan, & Srikumar, 2017; Mezzasalma et al., 2017) or even the whole genome sequences of product-associated microbes (Douillard et al., 2013) . As sequencing technology reduces in price and becomes more ubiquitous, this may expand to genomic or shotgun sequencing of the ingredients themselves, which may be particularly useful for revealing novel genetic modification events (Park et al., 2015; Yang et al., 2013) . Nonetheless investment is required to expand existing databases, or construct new databases, to ensure fitness for purpose for identification for authenticity purposes. An alternative approach to comparisons with existing or historical databases would be the use of contemporaneous databases. That is, databases which are compiled from authentic samples collected at the same time as a survey or other investigation. This could be a particularly important innovation when utilising the microbial community composition of a product as a fingerprint for origin. These microbial communities will be expected to change over time, or in response to other environmental variables. The construction of contemporaneous databases could prove to be cheaper than populating large, comprehensive databases, as they could focus on specific commodities or geographical locations of interest. Additionally, this approach could benefit from analytical and technological improvements as, unlike historical database, reference material would be concurrently analysed. While these techniques and databases are being developed, conclusions about geographical origin of products inferred from NGS data should be taken with care.
Bioinformatic tools
The generation of large amounts of sequencing data requires the use of specialised software for analysis. There are, in general, two main options for investigators; commercial software, or freely available opensource software. There are numerous commercial software options available for the interrogation of NGS data, with examples including Bionumerics (Applied Maths), CLC Genomics Workbench (Qiagen), and SeqSphere+ (Ridom). Currently, many of these are focussed on whole genome sequencing (WGS) and typing of microbial strains, while fewer appear to be available for metagenomic applications (though One Codex is a commercially available metagenomics platform (Minot, Krumm, & Greenfield, 2015) ). The advantages of commercial software include ease of use, and availability of technical support, but this does require a financial commitment from the user, and may have limited customisability compared with open source software. However, currently available tools are still targeted at the research scientist, and may not yet be intuitive or user-friendly enough for uptake by the food industry.
Open source software has source code available for inspection and modification, rather than being a so-called 'black box' analytical pipeline. Such software may be free of charge, or may require payment of a licence fee, and this may vary depending on whether it is for academic or commercial use. Much open source software is available for a wide variety of different bioinformatics applications (Roumpeka, Wallace, Escalettes, Fotheringham, & Watson, 2017) . An open source model allows a full understanding of the software, as well as allowing user modifications, but may come with limited support, and require expert user input at the investigating institute. Additional issues of computations involving large scale datasets include the high computational power requirement. A potential way around this is the use of cloud based analytical platforms (e.g. CLIMB (Connor et al., 2016) ). Indeed, Oxford Nanopore Technologies have a suite of easy to use analytical pipelines hosted on their EPI2ME cloud-based analysis system, including the WIMP (What's In My Pot) pipeline for identifying taxa present in a sample. This might be a model whereby rapid, easy to implement analyses of complex datasets can be put in the hands of frontline investigators or non-bioinformaticians. Uptake by commercial companies may be limited however, due to restrictions on the transfer of confidential data to external servers.
Validation and standardisation
Due to the relatively recent development of NGS technologies, internationally recognised validation, standardisation and accreditation efforts are less advanced than they are for other molecular biology technologies (although reference standards and approaches are being published (Hardwick, Deveson, & Mercer, 2017; Mahamdallie et al., 2018) ). Quality control (QC) for NGS analyses can be divided into preand post-sequencing QC. Pre-sequencing QC involves measures of the starting DNA concentration and fragment size distribution, and assessment of multiple rounds of PCR and clean-up. There is some evidence that the final sequence quality is relatively robust to variation at later stages in the library preparation process, and the input DNA has the largest impact on output sequence quality (Nietsch et al., 2016) . Post-sequencing QC starts with the raw sequence produced by the machine, which can be checked or trimmed on length and quality metrics (indicated by phred quality scores assigned to each base in a FASTQ file). Further QC metrics are more experiment-specific, and can involve measures of the number and quality of reads mapping to a reference, and their depth of coverage (Nietsch et al., 2016) . A number of tools now exist to summarise basic post-sequencing quality metrics with some even attempting to identify and remove contaminating sequences (Zhou, Su, & Ning, 2014) .
Beyond internal QC, particular challenges exist around validation and proficiency testing (PT) for NGS tests, including a lack of wellcharacterized PT materials or standardized comparison metrics, as well as cost and time requirements of participants (Gargis et al., 2012) . These limitations are even more problematic for food products, where samples may have been subject to processing procedures or the addition of chemical preservatives which may degrade DNA or inhibit subsequent enzymatic reactions. Quality standards defined for DNA and sequence volume and quality in non-food applications may therefore not be suitable for food authenticity applications. Nonetheless, in recent years progress has been made in developing standards for healthcare related NGS fields including human (Aziz et al., 2015) and microbial (Lefterova, Suarez, Banaei, & Pinsky, 2015) sequencing, which may inform the development of food-specific standards. Plans are also being developed for the creation of an International Organization for Standardization (ISO) working group to coordinate the standardization of NGS across a number of areas including food and medical genomics (ISO, 2017a; 2017b) .
A small number of NGS proficiency testing (PT) schemes exist. One such scheme is run by the Global Microbial Identifier (GMI), an initiative comprising members from government, industry and academic organisations dedicated to the expansion of microbial WGS approaches to the study of disease epidemiology. Since 2015 GMI has been running PTs for both wet lab (sequence generation) and dry lab (phylogenetic/ clustering analysis) aspects of bacterial WGS. This is supported by the EU H2020 Compare project. This PT was developed after a survey of the attitudes and requirements of NGS practitioners and end users (MoranGilad et al., 2015) . Validation exercises for metabarcoding approaches have also been undertaken (Arulandhu et al., 2017) .
Limitations of NGS

DNA quantity and quality in food commodities
The application of NGS procedures to food authenticity is dependent on obtaining sufficient good quality DNA, a crucial step to ensure that all DNA sequences of interest present in a food sample can be amplified and identified (plant, fungal, animal and bacterial) (Ripp et al., 2014) . It is now possible to extract DNA from virtually any type of ingredient or finished product, including fresh, raw, dried, powdered and highly processed materials. It is important to take into account that the kind of E. Haynes, et al. Food Control 101 (2019) 134-143 material under study can have a considerable effect on the ability to accurately detect the component of interest. Each matrix may require specific procedures, and the amount of starting material could vary enormously to enable the extraction of a minimum amount of DNA necessary to work with. Furthermore, it is essential that inhibitors, such as enzymes, complex polysaccharides and divalent cations, are completely removed from purified DNA to remove any potential downstream bias. Certain food commodities contain an extremely limited amount of DNA or only degraded DNA. This can result in an incomplete amplification of those fragments with very low representation. When dealing with metabarcoding approaches, the length of the marker of interest should not exceed 100-200 base pairs in order to allow amplification of degraded DNA (Staats et al., 2016) and sequencing on widely available NGS platforms. In the specific case of an untargeted analysis approach to complex food matrices, this issue becomes of the utmost importance, to avoid misrepresentation. Moreover, with the use of smaller DNA fragments come possible issues of decreased levels of differentiation with closely related species, which can lead to misinterpretation of species. However, this can be circumvented by taking advantage of the immense volume of sequence data that can be produced with NGS; increasing the number of shorter fragments amplified for each species can compensate for the shorter fragment length (Bybee et al., 2011) . Additionally, newer platform developers (such as PacBio and Oxford Nanopore Technologies) are focusing on improving the ability to sequence longer fragments, and therefore diminishing this problem in foodstuffs where DNA of sufficient length can be extracted. Another important limitation to take into account is the possible presence of conserved fragments of DNA that might result in finding sequence matches with organisms not present (for example if the database used was incomplete, or the analysis method insufficiently robust), as well as Nuclear Mitochondrial Translocations (NUMTs) or pseudogenes (H. Song, Buhay, Whiting, & Crandall, 2008) . These issues are highly variable, with factors such as taxon and genome size. However, awareness of the problem, and the application of appropriate simple measures for the avoidance of NUMT co-amplification or preferred amplification, combined with appropriate bioinformatics tools, can considerably increase the confidence in the mitochondrial origin of any mtDNA-like sequence, effectively accounting for this issue (Calvignac, Konecny, Malard, & Douady, 2011) .
Quantification of the DNA intended for Next Generation Sequencing procedures is also extremely important, since different quantification strategies differentially affect the final results (Robin, Ludlow, LaRanger, Wright, & Shay, 2016) . One of the most standardised quantification methods is the Qubit ® dsDNA High Sensitivity Assay Kit (ThermoFisher Scientific, USA). It is expected that in the near future, considerable efforts will be devoted to the development of new more accurate and robust quantification methodologies that improve the final outcome, such as All-Food-Seq (AFS) (Liu et al., 2017) . Even with these expected improvements in quantification, the inherent limitations of some food matrices (the low amounts and fragmented nature of DNA, the presence of inhibitors) means that quantification of taxa present should not be a mandatory requirement of NGS food authenticity testing.
Another field in which great progress is expected is in the amplification step. Some NGS approaches require the preparation of libraries in which DNA or RNA fragments are coupled to adapters to allow PCR amplification and sequencing. This PCR step can introduce biases since GC-or AT-rich fragments amplify with less efficiency, potentially resulting in a decreased frequency or even an absence of GC-or AT-rich sequences in the subsequent data. PCR-free procedures have been proposed, but they require a large amount of starting material. The development of robust library preparation methods or new amplification strategies able to produce a representative nucleic acid material is a crucial hurdle to obtain results that are free from amplification and sequencing bias (van Dijk, Jaszczyszyn, & Thermes, 2014).
The development of new amplification strategies for library preparation should benefit from the massive growth of public sequence databases which currently contain well curated records for tens of thousands of species (see above). These will promote the design of universal primers to produce amplified products in Next Generation Sequencing strategies. This is particularly important in the case of plant material, since poly-and aneuploid genomes are likely to contain multiple orthologous copies of the target, and therefore require a major effort in the optimization of the primer sequences. In terms of the relative quantification of ingredients present in a sample, it is still difficult to establish relationships between DNA measurement and ingredient content. Future improvements in DNA extraction and amplification procedures may overcome these barriers, enabling the accurate quantification of ingredients (and adulterants).
Appropriate use of NGS
As previously highlighted, current methodologies such as ELISA (enzyme-linked immunosorbent assay) or PCR-based tests require a prior knowledge of which ingredients might be present, hampering their use as screening tools for unsuspected ingredients. Commonly used kits are limited to the detection of a fixed panel of species. Furthermore, the cost of detecting all potential fraudulent ingredients is prohibitive to consider performing predictive controls. However, NGS can scan for thousands of species simultaneously, and these techniques will evolve to allow the identification of virtually any possible species present in a complex matrix of unlimited ingredients (Muñoz-Colmenero, Martínez, Roca, & Garcia-Vazquez, 2017; Ripp et al., 2014) . Furthermore, when dealing with complex matrices, classic Sanger sequencing fails to obtain useful data (without additional time consuming cloning steps), while in NGS, each single molecule is sequenced independently facilitating assessment of complex mixtures (Burns et al., 2016) .
Databases encompassing sequences generated by NGS are growing exponentially, increasingly allowing the possibility of reaching genera and species level both from microbiology as well as mammals, birds, reptiles, vegetables, algae, etc. Moreover, sequencing of several genes would also provide enough resolution to identify all organisms present to species level. The integration of large datasets and access to common databases, as well as tools to enable their simple and easy use, are critical.
NGS is already widely used in other areas of food security. The use of WGS-based characterisation of foodborne pathogens is expanding very quickly, replacing more classical techniques. Metagenomics is also allowing the detection and identification of non-culturable pathogens (Bergholz, Moreno Switt, & Wiedmann, 2014) . WGS can be used to produce draft genome sequences of the bacteria responsible for foodborne alerts, which allows tracking to identify contamination sources. Therefore, NGS techniques are becoming essential in the management of the clinical characterisation of foodborne pathogens (Allard et al., 2016; Schmedes, Sajantila, & Budowle, 2016) . NGS has proven to be extremely useful in understanding food spoilage, identifying bacterial communities present in food items as they undergo deterioration (Cauchie et al., 2017; Mayo et al., 2014) . This ability can be exploited by food industries when performing shelf-life studies. It is important to take into account that certain problems might arise with the identification of DNA coming from dead microorganisms in heat treated food, leading to false positives in adequately processed and safe products. Furthermore, metatranscriptomics approaches towards functional genomics involving RNA sequencing will help to understand the microbial processes in spoilage. The identification of microbiota related to the environment or the ingredients composing a food commodity can also be used as a flag of their origin or handling, and could eventually be applied to management and control systems (Ottesen, There are a number of authenticity-specific applications that NGS is particularly suited to, which are highlighted in more detail below. For example, the untargeted nature of NGS makes it particularly suitable for detecting unknown targets, such as screening for unauthorised genetic modification events where the vector is unknown. Another feature of NGS, its ability to generate massive amounts of DNA sequence in parallel, makes it well suited to the identification of ingredients in complex foods. This is often based on a metabarcoding approach, where sequences are generated for one or more well characterised genomic regions that are present in all members of the taxonomic groups of interest, but with sequences that are sufficiently different to allow identification of the organism of origin. This allows the identification of all biological ingredients from a DNA extraction of a complex food matrix, e.g. a herb blend, or processed fish product.
Current and future applications
Currently the rate of uptake in the application of NGS techniques seems to be split between continents. In the USA, application of food focused NGS is driven by the FDA, whilst in Europe and Asia the biggest advances have been made by the food industry itself, and in particular, those companies who want to employ specialist businesses to perform a complete audit of their supply chains (often with brand image protection in mind). Several commercial sequencing companies, specialising in food testing, are currently offering NGS services to the global food supply chain with the intention of ensuring that incoming raw ingredients are the desired, unadulterated product, therefore helping to combat food fraud. The application of NGS has the power to simultaneously address multiple issues in authenticity and food safety, providing exhaustive controls which may be especially pertinent when dealing with new providers, so ensuring the maintenance of consumer trust and protecting brand reputation.
While the current use of NGS within industry is somewhat limited compared to the more established techniques, there are several areas where the application is making advances. The first of these is to the identification of GMOs and Genetically Modified Micro-organisms (GMMs). Many jurisdictions, including the European Union (EU), legally distinguish between authorized (and therefore legal) and un-authorized (and therefore illegal) GMOs (UGMOs). While some UGMOs are considered to be safe, but do not have approval, other UGMOs are likely to be in the food chain due to an accidental or deliberate release of 'experimental' GMOs from laboratories or field trials (these are considered to be unknown/unsafe). Included in this last category was the identification of GMM contamination in an animal feed additive. In 2014, viable Bacillus subtilis spores were found in imported vitamin B2 feed additive placed on the EU market, and identified as UGMM (Barbau-piednoir et al., 2015) . This led to the first ever notification for UGMM in the European Rapid Alert System for Food and Feed (RASFF, 2014) . Recently conducted research using a combination of NGS sequencing and DNA walking successfully identified samples containing low GMO concentrations, mixed GMO sources, and processed materials , demonstrating the utility of NGS within this area of authenticity testing. The future application of NGS for the identification of GMOs and GMMs looks promising.
However, one issue that still needs to be addressed is when the genetic modification is small; for example, short insertions/deletions; or a change affecting one or a few base pairs, as these changes are not easily distinguishable from changes that could occur naturally. This is the type of biotech organism that is now being generated with techniques such as CRISPR-Cas9. Recent advances using CRISPR have included button mushrooms (Waltz, 2016) , apples and potatoes resistant to browning (Waltz, 2015) , a herbicide-tolerant maize (Svitashev et al., 2015) , and a pig resistant to the porcine reproductive and respiratory syndrome virus (Whitworth et al., 2016) . Within the last five years, over 30 GMOs have been ruled as not qualifying as needing regulation (Waltz, 2016) . This is because the organisms do not contain foreign DNA from 'plant pests' such as viruses or bacteria that used to be required for the gene editing process. This was relevant when the regulatory guidelines were developed in the 1980s and 1990s, when the US government developed its framework for regulating GMOs (Wolt, Wang, & Yang, 2016) . However, as the ethical and safety implications of these new gene editing technologies are still under debate, and public acceptance is still uncertain, the identification of such organisms in the future may still be required (Baltimore et al., 2015 ; Court of Justice of the European Union, 2018).
The other main area in which NGS screening is currently used is for the analysis of complex food matrices, when a complete picture of the ingredients (and all contaminants) is required. While this is the area for which NGS is most used by industry, there are currently few published studies. However, the studies outlined below demonstrate the range and complexity of matrices that can be successfully screened. The originating plant species, the entomological source, and the most likely geographical origin of honey (including pasteurised samples) have recently been tested using NGS. The first of these studies found mixed origin for some monofloral samples, and honey with a supposed temperate source containing DNA from Asian plant species, suggesting that the honey had been fraudulently diluted with a cheaper substitute (Prosser & Hebert, 2017) . A second study also identified potential authenticity issues with a monofloral honey that did not have the expected plant species as its main constituent, and a Chilean honey that contained pollen from Australian plant species . As with other methods, while pollen can be filtered out to try and confuse testing laboratories, the pollen-free DNA in the liquid fraction of honey cannot be removed by filtration, hence evidence of the original plant and insect sources will likely be detectable.
Studies have also been carried out to determine the effectiveness of NGS for identifying multiple meat species. One study showed NGS to be highly effective at simultaneously identifying multiple species with the primers used (11 mammal and bird, plus rat and human as potential contaminants). However, it should be noted that this study was only carried out on mixtures of DNA, rather than on DNA extracted from meat products, hence the effects of processing, and of other ingredients are unknown (Bertolini et al., 2015) . Another study using similar methods investigated dairy products (mixed cow/goat milk samples, buffalo mozzarella cheese, goat crescenza cheese and ricotta cheese), found low levels of sheep DNA in goat milk and cheese, and suggested that this was due to the artisanal nature of the production facilities rather than fraudulent activity. While the detection levels they set were relatively low (0.2%), they stated that their methods were not quantitative. The ability for NGS methods to be quantitative is still being evaluated, however, for dairy products it is particularly unlikely due to the pasteurisation process, and the effect on the number of somatic cells in the product .
Other recent studies have targeted complex food matrices. A 2016 study looked at bacalhau (dried cod) fish cakes in Brazil, and identified mislabelling rates of 41% within the products sampled. They also found that mislabelling was less frequently found within products possessing a governmental certification stamp (4.5%) (Carvalho, Palhares, Drummond, & Gadanho, 2017) . A further study in 2017 developed a primer multiplex which could identify fish and cephalopod species (89 different species widely used for surimi production were initially tested). This was then further tested on 16 surimi products from Europe and Asia, and DNA was identified from 16 species of fish (across 13 families), and from three species of cephalopods. Mislabelling incidences were higher in samples produced in Asia than in Europe, with 37.5% of the samples mislabelled, including mislabelling of allergy related species included in the products, but not identified on the packaging. In general the products produced in Asia contained a higher number of species, including species not normally used for human consumption (Giusti, Armani, & Sotelo, 2017) . In a 2016 paper, highly processed fishmeal was tested to determine its constituent species (Galal-Khallaf, Osman, Carleos, Garcia-Vazquez, & Borrell, 2016). This is not currently an authenticity issue, as species composition is not a legal requirement for the labelling. However, as part of the effort to increase the sustainability of fisheries and aquaculture, this is likely to change in the future. The fishmeal industry relies greatly on wild capture fisheries. As a result, about 21 million tonnes (13%) of the seafood harvested from the wild is for non-human consumption (2014 figures); of this about 76% is made into fishmeal or fish oil (FAO, 2016) . Fishmeal is also produced from fish processing wastes, which is a more sustainable option. Fishmeal is prepared by cooking, pressing, drying and grinding whole fishes and their bones and offal from processed fish to produce meal with natural high-quality proteins. To lay the groundwork to enable traceability and transparency for the aqua-feed industry, it is essential to be able to identify the fish species that have been utilised in its production. The study successfully amplified DNA from all seven fish-feed samples, and interestingly, of the 13 fish species that were detected, approximately 46% are classified as either overexploited or suffered from strong decline.
Whilst not food or feed, NGS methods have also been used to look at mislabelling rates in herbal supplements (Ripp et al., 2014) and traditional Chinese medicines (plant and animal) (Coghlan et al., 2012) finding high mislabelling rates (100% and 78% respectively). For the traditional Chinese medicine samples, 68 different plant families were identified, which included genera, such as Ephedra and Asarum, which are potentially toxic. Similarly, animal species were identified that are classified by the IUCN as vulnerable, endangered, or critically endangered, including Asiatic black bear (Ursus thibetanus) and Saiga antelope (Saiga tatarica). Bovidae, Cervidae, and Bufonidae DNA was also detected in many of the samples although not declared on the product packaging. The authors highlight that while NGS methods are highly promising for carrying out untargeted screening of complex samples, caution also needs to be exercised, as the genetic profile of a sample may not represent the actual composition of a complex, highly processed item, as no methods are able to detect DNA when it has been completely degraded (for example by processing procedures). Results from NGS should therefore be regarded as a qualitative, and potentially incomplete assessment of composition rather than a quantitative measure of each ingredient (Coghlan et al., 2012) . The large number of species identified in the herbal supplements were identified as occurring not only by intended or non-intended substitution, but also by possible cross-contamination with trace plant DNA occurring at any stage during the growing, harvesting, manufacturing, handling or laboratory analysis of plant material. Hence the detection of such nontarget DNA is not always indicative of deliberate adulteration; and such results should be interpreted with caution, especially when legal ramifications are considered. In order to determine the relative levels of undeclared species present in such mixtures, qualitative NGS results could be followed up with standard quantitative PCR using, when available, the level of the declared species as the reference. Ripp et al. (2014) also detected the presence of fungal DNA in 14 out of 15 tested supplements. These included a large number of species which can be categorised as pathogenic, endophytic and mycorrhizal fungi naturally associated with live plant material; saprophytic fungi which had proliferated during drying and storage; and strains involved in the fermentation during manufacturing of bioactive components. This study identified nearly 120 species from some samples, and noted that while NGS is efficient at identifying species, interpretation of test results should focus on potential mycotoxin-producing fungi and human pathogens.
A further study in 2017 sequenced DNA extracted from confectionary, used as a test of the methodology to identify DNA from highly processed samples. This found several animal species including pig, cow, water buffalo, sheep, chicken, wild turkey, several fish species, a Noctuid pest of maize (Sesamia nonagrioides), and human (thought to be external contamination) (Muñoz-Colmenero, Martínez, Roca, & GarciaVazquez, 2016 ). These studies demonstrate the ability to extract sequencing quality DNA from highly processed matrices that have been subjected to high temperatures and/or pressure (Muñoz-Colmenero et al., 2016) . It should also be noted that as shown in several of these examples, the inclusion of more than one universal locus has helped to overcome potential technical problems associated with amplification biases against some species or families (Bertolini et al., 2015; Prosser & Hebert, 2017; Ribani et al., 2018) . This is particularly important for plants species.
With the authenticity of food products in the spotlight, food industries and control laboratories must make use of all available techniques to verify their products and control their ingredient providers. Combined with the regulatory environment surrounding food safety and authenticity becoming more rigorous, this is increasing the importance of routine high-throughput control techniques. NGS is a strong candidate to become a valuable aid or even the technology of choice to achieve regulatory compliance and reputation protection in a number of food fraud situations, particularly for highly complex food matrices.
The size and cost of NGS platforms are decreasing, allowing easier uptake by public health laboratories. Although currently NGS requires highly specialized equipment and substantially skilled staff to analyse the data, it is unlikely that the sequencing revolution has finished. Future developments are likely to target ease of application and data extraction, allowing widespread application beyond the current user base.
The optimal way to take advantage of the use of NGS for the benefit of the consumer would be its incorporation into routine analytical checks for authenticity/contamination at several levels of the food supply:
1. As a control laboratory: the application of these technologies will help ensure the quality and integrity of checked products. This will minimize the costs related to the entrance of non-compliant products into the food chain. 2. As a producer: the creation of NGS self-certification systems. The declaration that their materials and products meet the required standards of quality and safety would be extremely useful in addedvalue creation and differentiation from competitors. 3. As a retailer: for example; conducting specific studies to verify new suppliers. Also, the selection of only approved or certified suppliers certifying their product could help to confirm conformance to specification parameters. This would provide solid evidence of their real commitment to food integrity. This way it will be possible to reach a high level of consumer protection, as well as to build trust between consumers and retailers. One criticism on the use of NGS is that it is too data intensive, and that for certain, specific questions relating to simple, unprocessed foods (e.g. is this fish fillet cod?) it is more efficient and cost effective to use a targeted approach. However, there are questions related to the composition of complex or processed foods for which the large amounts of data produced by NGS are advantageous. There are additional ways to improve the efficiency of the testing process, such as determining where commodity and geographical hotspots are, so that the types of food and feed product that are susceptible to authenticity issues could be determined (e.g., is it necessary to target all products on the market or to focus on products with certain countries of origin?).
In the near future, as NGS becomes a well-established technique, both methodologies and analysis pipelines should be harmonized among testing laboratories (Endrullat, Glökler, Franke, & Frohme, 2016; Gargis, Kalman, & Lubin, 2016) . Technological advances and increased competition will continue to push the field towards lower costs, higher throughput and more user friendly options for analysis (Goodwin et al., 2016) . It will also be essential that the competent testing laboratories become appropriately accredited.
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